The in vitro plasma clot technique was employed to examine the role of calcium during the interaction of erythropoietin and mouse erythroid progenitor cells. Erythropoietin-induced erythroid colony formation was increased 24% by the carboxylic ionophore A23187 (10 nM), whereas a 35% increase was produced by the carboxylic ionophore Ro 2-2985/1 (1 nM). EGTA (3 mM) inhibited erythropoietin-induced erythroid colony formation. Inhibition of erythroid colony formation by EGTA could be reversed by Ca2+, but not by Mn2+, Mg2+, Zn2+, or Fe2+. At least 30 min exposure of marrow cells to erythropoietin in vitro was required for production of erythroid colonies. EGTA substantially inhibited erythropoietininduced erythroid colony formation even when the marrow cells were exposed to the hormone for up to 2 h before addition of the chelator. Marrow cells incubated first in calciumfree medium with erythropoietin and then cultured in the presence of calcium but not erythropoietin, failed to form erythroid colonies although colony formation occurred when erythropoietin was provided. Taken together, the data indicate that calcium is required for both extracellular and intracellular events during the interaction of erythropoietin with its target cells.
INTRODUCTION
Erythropoietin stimulates committed erythroid progenitor cells to differentiate but the mechanism involved is unknown (1) . Experiments employing trypsin-treated marrow cells suggest that erythroid progenitor cells have surface receptors for erythropoietin (2) . These cells also have 8 Received for publication 14 May 1979 and in revised form 30 July 1979. tion and proliferation of erythroid precursor cells are enhanced by catecholamines (3) and other agents that interact with membrane-bound adenylate cyclase (4) (5) (6) . It is unlikely, however, that activation of adenylate cyclase is the sole requirement for initiating erythroid cell differentiation. First, none of the /8 adrenergic agonists can initiate erythropoiesis in the absence of erythropoietin (3) (4) (5) (6) . Second, these agonists appear to act only on a subpopulation of erythroid progenitor cells which can be distinguished from the bulk of erythropoietin-sensitive cells by their behavior during gradient sedimentation (3, 5) . Finally, no increase in cyclic AMP was observed when erythropoietin alone was incubated with its target cells (7) . The alternative possibility that cyclic GMP is involved in the initiation of erythroid cell differentiation has not been substantiated (8) .
Differentiation and proliferation of erythroid cells in vitro can be influenced by agents such as dimethyl sulfoxide (9) and amphotericin (9, 10) that alter cation flux at the level of the plasma membrane (11, 12) . Alterations in transmembrane cation flux have a profound effect on the ability of cells to proliferate and differentiate (13) , and calcium in particular has been implicated as an intracellular messenger for these processes in certain tissues (14) . Because there is no compelling evidence supporting internalization of erythropoietin by its target cells (15) 
RESULTS
To investigate the possibility that divalent cations are involved in the proliferation and differentiation of erythroid progenitor cells, we employed the carboxylic ionophores A23187 and Ro 2-2985/1. Incorporation of either ionophore in the plasma clot cultures caused a modest enhancement of erythroid colony formation (Table I) . At a concentration of 10 nM, A23187 produced a 24% increase in erythroid colonies whereas I nM Ro 2-2985/1 increased colony number by 35% in I Abbreviation used in this paper: MEM-alpha, Eagle's Minimal Essential Medium (alpha modification). (Fig. 1) . Prevention of EGTA-induced inhibition of erythroid colony formation was specific for calcium because it could not be prevented by MgCl2, ZnCl2, MnCl2, or FeSO4 at concentrations of 1-4 mM (Fig. 2) . Prevention of inhibition ofcolony formation by EGTA was most satisfactory with 3 mM calcium chloride; further increments in calcium concentration failed to fully restore erythroid colony formation in the presence of 5 mM EGTA. This was most likely the result of a toxic effect of the high concentrations of calcium employed, because in the absence of EGTA, increasing 
To determine whether the requirement for calcium during erythroid colony formation was time dependent, mouse marrow cells were incubated in vitro with erythropoietin at 37°C in a high humidity 5% C02-95% air atmosphere for selected time intervals before adding EGTA and bovine citrated plasma. As shown in Table  III MEM-alpha and washed twice. After the final wash, the cells were resuspended in 0.3 ml MEM-alpha, and 0. 1-ml aliquots were cultured with and without erythropoietin.
Erythroid colony formation was never >5% ofcontrol values when marrow cells were exposed to the erythropoietin for time periods up to 15 min (Table IV) . After 30 min of exposure to the hormone, erythroid colony formation increased to 18% of control values and no further increment was observed when exposure was continued for up to 1 h. These observations indicate that a minimum of30 min of exposure to erythropoietin in vitro is required for induction of significant numbers of erythroid.colonies in plasma clot cultures. Failure to obtain >20% ofcontrol colony formation when erythropoietin exposure was limited to 1 h or less suggests that within the population erythroid progenitor cells, there exist subpopulations that either differ with respect to their erythropoietin requirements or are not synchronous with regard to their ability to respond to the hormone.
To exclude the possibility that residual erythropoietin trapped within the cell pellet during washing was responsible for the induction of colony formation in these experiments, we employed 14C-labeled polyethylene glycol as a measure of trapped extracellular fluid (18) . The labeled polyethylene glycol was added to the incubation medium, and the radioactivity of the mixture was determined. After the cells were washed according to the protocol, the radioactivity remaining in the cell pellet was determined. In repeated experiments, <0 Table IV , the marrow cells were exposed to erythropoietin for 1 h to assure significant erythroid colony formation. After the incubation period, the cells were washed twice with calcium-free medium before cul- (Table V) . By contrast, when marrow cells were exposed to erythropoietin alone for 1 h and cultured in its absence, erythroid colony formation was 16% of control values. This is within the range expected from our preliminary studies (Tables III and IV) . Failure of marrow cells exposed to both erythropoietin and EGTA and subsequently cultured in the absence of erythropoietin to achieve this level of colony formation suggests that EGTA prevented the interaction of erythropoietin with its target cells. Because addition of erythropoietin restored colony formation to normal levels, neither EGTA toxicity, calcium deficiency, nor manipulation of the marrow cells can be invoked to explain the failure of colony formation when the cells were preincubated with both the hormone and the chelator and then cultured in their absence.
To examine the possibility that EGTA directly inactivates erythropoietin, we dissolved 2.0 U of erythropoietin in phosphate-buffered saline (pH 7.4) containing 5 mM EGTA and injected aliquots of this solution into exhypoxic polycythemic mice. After 48 h, the mice were injected with 59Fe. Erythrocyte 59Fe incorporation (mean±SEM) (19) , androgens (20) , growth and thyroid hormones (4) (5) (6) 21) , catecholamines (3), cyclic nucleotides (22) , cholera toxin (22) , and prostaglandins (23) . Considering the diverse nature of the substances employed, it is difficult to identify a common site on the erythroid progenitor cell at which they might act. Polypeptide hormones, catecholamines, and cholera toxin interact with membrane-bound adenylate cyclase. Steroid hormones influence cell function by interactions within the cell nucleus or by promoting the synthesis of cyclic AMP (24) . Because none of these agents can stimulate erythropoiesis in vitro in the absence of erythropoietin, it is unlikely that only the receptors at which they act govern erythyroid cell differentiation. Furthermore, as a result of the complexity of the culture medium employed, it is possible that some of these agents may influence erythroid colony formation in a nonspecific fashion (25) (26) (27) .
In the present study, we investigated the possibility that divalent cations are involved in the initiation of erythropoiesis by erythropoietin. Several types of evidence were obtained indicating that one divalent cation, calcium, has an integral role in erythropoietininduced erythroid cell differentiation.
Addition ofthe carboxylic ionophores A23187 and Ro 2-2985/1 to the plasma clot cultures enhanced erythropoietin-induced erythroid colony formation. The ionophores failed to stimulate erythroid colony formation in the absence oferythropoietin, suggesting that the translocation of calcium across the plasma membrane which these agents promote is either a necessary but not sufficient signal for erythroid cell differentiation and proliferation or serves to recruit a subpopulation of erythroid progenitor cells to respond to the hormone. The modest degree of enhancement of colony formation may be a consequence of either of these possibilities or of the increased sensitivity of rodent cells to the toxic effects of the carboxylic ionophores (28) .
The effect of the ionophores on in vitro erythroid colony formation was similar in several respects to their effect on phytohemagglutinin-induced lymphocyte transformation (28, 29) . In each instance, the ionophores potentiated the effect of the inducing agent and did this within a narrow concentration range. In neither instance was a brief exposure to the ionophores sufficient to influence cell proliferation. In contrast to their effect on erythroid progenitor cells, however, the carboxylic ionophores stimulated lymphocyte transformation in the absence of an inducing agent (28, 29) .
To further define the role of divalent cations in erythroid cell differentiation and proliferation, we employed the chelating agent EGTA, which in contrast to EDTA, has a high affinity for divalent cations (30) . EGTA inhibited erythropoietin-induced erythroid colony formation and the inhibitory effect of the chelator could be prevented by the addition of calcium but not magnesium, zinc, manganese, or iron. Inhibition of phytohemagglutinin-induced lymphocyte transformation by EGTA is also reversed by calcium but not other divalent cations (31) .
The time-course of EGTA-induced inhibition of erythroid colony formation and its reversal by calcium indicated that the initial requirement for the divalent cation occurred early in the course of erythropoietininduced proliferation and differentiation. Our data suggest but do not prove that one function of calcium is to promote the binding of erythropoietin to its target Role of Calcium in Erythropoiesis 1577 cells. Calcium also appears to be required for intracellular events associated with the initiation of erythropoiesis. This is supported by the effects of the carboxylic ionophores as well as the substantial suppression of colony formation by EGTA after binding of erythropoietin to its target cells should have occurred. It is noteworthy in this regard that adenylate and guanylate cyclases and phosphodiesterase are among the enzymes whose activity is influenced by calcium (14) . Consequently, it is possible that calcium serves as a regulator of cyclic nucleotide metabolism within developing erythrocytes. This would explain the ability of 83 adrenergic agonists to potentiate the effect of erythropoietin, although failing to stimulate erythroid colony formation in the absence of the hormone (3-6). Alternatively, hormone-induced alterations in transmembrane calcium flux might serve to alter the translocation of other cations such as potassium (14) and thus influence cellular metabolism (32) . In keeping with this, we have recently reported that ouabain enhances erythropoietin-induced erythroid colony formation in vitro (33) . Further studies will be required to define the functions ofcalcium during the initiation oferythropoiesis and whether erythropoietin is directly responsible for alterations in the transmembrane flux of this divalent cation.
